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We point out that in the minimal supersymmetric standard model terms from the mixing of Higgs
and Goldstone bosons which are connected to the renormalization of tan β via Slavnov-Taylor iden-
tities give rise to corrections that do not vanish in the limit where the supersymmetric particles are
much heavier than the Higgs bosons. These additional contributions have important phenomeno-
logical implications as they can lead to potentially large supersymmetric effects in ∆Md and to a
significant increase of ∆Ms relative to the standard model prediction for a light pseudoscalar Higgs
A0. We calculate all the missing one-loop pieces and combine them with the known effective non-
holomorphic terms to obtain improved predictions for the Bd,s–B¯d,s mass differences ∆Md,s and the
branching ratios of Bd,s → µ
+µ− in the large tan β regime of the minimal supersymmetric standard
model with minimal-flavor-violation.
PACS numbers: 12.38.Bx, 12.60.Jv, 13.20.He
I. INTRODUCTION
In minimal supersymmetric (SUSY) extensions of the
standard model (SM) soft SUSY breaking terms are in-
troduced that explicitly violate the underlying symmetry
without spoiling the cancellation of quadratically diver-
gent radiative corrections to the Higgs and other scalar
masses. These soft terms must have positive mass dimen-
sion and the scale MSUSY associated with them should
be below a few TeV to naturally maintain the hierarchy
between the electroweak scale v and the Planck or any
other very large energy scale. While theoretically little is
known definitely about the origin and mechanism of the
SUSY breaking itself, the soft mass terms will be mea-
sured and constrained as superpartners are detected. If
SUSY is the solution to the hierarchy problem, then the
Tevatron may, and the LHC will likely, find direct evi-
dence for it. Meanwhile, the soft terms are also indirectly
constrained by low-energy observables such as ∆Md,s,
B(B¯ → Xsγ), B(Bd,s → µ+µ−), B(B+ → τ+ντ ), and
(g − 2)µ. From these measurements one can learn about
the structure of SUSY breaking.
For large sparticle masses, i.e., v/MSUSY → 0, the ef-
fects of SUSY degrees of freedom can be absorbed into
the coupling constants of local operators in an effec-
tive theory that arises after decoupling the heavy par-
ticles. The corresponding low-energy theory is a two-
Higgs-doublet model (THDM) of type II. In order for the
THDM to be well-defined beyond tree-level, the effective
couplings need to be calculated in the limit of unbroken
SU(2)×U(1) symmetry. At the matching scale, some of
the corrections to the effective couplings do not vanish
for MSUSY →∞ if the Higgsino parameter µ is assumed
to be of comparable size, i.e., µ = O(MSUSY). In addi-
tion, some of the corrections can be enhanced by the ratio
tanβ = vu/vd of the vacuum expectation values (VEVs)
vd,u of the two Higgs doublets Hd,u that separately give
masses to the down- and up-type fermions. As a result,
they can be sizable, of order αs tanβ ≃ 1 for values of
tanβ ≫ 1, and need to be resummed if applicable.
In the minimal supersymmetric SM (MSSM) with
minimal-flavor-violation (MFV), four different types of
large tanβ contributions that affect the interactions be-
tween Higgs bosons and SM fermions have been identi-
fied: (i) corrections to the vertices between a Higgs bo-
son and down-type fermions [1], which are interpreted as
corrections to the Yukawa couplings yd and resummed
[2], (ii) similar corrections to the vertices between a
Higgs boson and up-type fermions [3] which are not
resummed, (iii) corrections to the Cabibbo-Kobayashi-
Maskawa (CKM) matrix elements [4], and (iv) flavor-
changing neutral Higgs vertex corrections [5], which do
not appear at tree-level.
The purpose of this article is it to point out that there
are additional terms from mixing of Higgs and Goldstone
bosons [6] which are connected to the renormalization
of tanβ. These new contributions have important phe-
nomenological implications as they can lead to poten-
tially large SUSY effects in ∆Md and to a significant in-
crease of ∆Ms relative to the SM prediction in a certain
region of the allowed parameter space. Both findings go
against common lore [7, 8, 9, 10, 11, 12], but they are an
unavoidable consequence of the analysis presented here.
This article is organized as follows. In the next section
we derive the tanβ enhanced corrections to the effec-
tive Higgs interactions with quarks of the third gener-
ation, including all terms that arise from the one-loop
mixing between eigenstates of the two Higgs doublets.
Analytic formulas for the neutral Higgs contributions to
∆Md,s and B(Bd,s → µ+µ−) are presented in Sec. III.
Sec. IV contains a numerical analysis of ∆Md,s in the
MFV MSSM with large tanβ taking into account all rel-
evant constraints from flavor and collider physics. Con-
cluding remarks are given in Sec. V.
II. EFFECTIVE THEORY
Beyond leading order, the physical Higgs fields A0 and
H± can mix with the longitudinal components of the
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FIG. 1: Diagrams in the MSSM that lead to non-decoupling
corrections to the G0A0 mixing self-energy. See text for de-
tails.
gauge bosons fields Z0 and W± through loop correc-
tions. This mixing has to be removed for on-shell mo-
menta by suitable rotations of the fields. Due to the con-
nection between the longitudinal gauge bosons and the
Goldstone bosons G0 and G±, this procedure also implies
field renormalization for the mixing between Higgs and
Goldstone bosons. The relation between the terms with
gauge and Goldstone bosons is given by Slavnov-Taylor
identities (STIs), derived from the invariance of two-point
functions under Becchi-Rouet-Stora-Tyutin transforma-
tions. In our case the relevant STIs are given to one-loop
order by
0 = kµΣˆVSµ (k) + M˜V Σˆ
S′S(k2) + . . . , (1)
where {V, S, S′, M˜V } = {Z0, A0, G0, iMZ}, {W±, H∓,
G±,±MW }, and hatted quantities denote amputated
and renormalized mixing self-energies. The ellipses stand
for terms that vanish in the limit k2 →M2S which are ir-
relevant for the further discussion.
In the renormalized mixing self-energies, besides the
field renormalization counterterms δZS
′S , the contribu-
tions from the tadpole renormalization, δtd,u, and from
the renormalization of the VEVs, δZd,u, need to be in-
cluded. The tadpole counterterms are fixed by the re-
quirement that the properly minimized scalar poten-
tial should have no finite tadpole terms, tˆd,u = td,u +
δtd,u = 0. The renormalization of the VEVs, vˆd,u =
(1 + δZd,u)vd,u, translates into the renormalization of
the gauge boson masses and tanβ, δ tanβ = (δZu −
δZd) tanβ. Here quantities without hat denote unrenor-
malized contributions.
Decomposing the VS mixing self-energy via ΣˆVSµ (k) =
kµΣˆ
VS(k2) and using the above conventions the renor-
malized self-energies can be written as
ΣˆVS(k2) = ΣVS(k2)− M˜V 1
2
δZS
′S + M˜V c
2
β δtβ ,
ΣˆS
′S(k2) = ΣS
′S(k2) +
1
2
k2δZS
′S −M2Sc2β δtβ
+
g
2MW
(cβ−α δth0 − sβ−α δtH0) + . . . ,
(2)
where again terms that vanish on-shell have been omit-
ted. Furthermore the abbreviations sβ = sinβ, cβ =
cosβ, tβ = tanβ, etc. have been used and the tadpoles
of the Hd,u fields expressed in terms of those of the Higgs
mass eigenstates h0 and H0.
Requiring now that the mixing between longitudinal
gauge and Higgs bosons vanishes when the Higgs boson
momentum is on-shell, ΣˆVS(M2S) = 0, one obtains for the
field renormalization counterterms
δZS
′S =
2
M˜V
ΣVS(M2S) + 2c
2
β δtβ
= − 2
M2S
ΣS
′S(M2S) + 2c
2
β δtβ
− g
M2SMW
(cβ−α δth0 − sβ−α δtH0) .
(3)
The presence of δtβ in the above equalities illustrates that
beyond tree-level a definition of tanβ is needed, which in
turn controls the extent of mixing between Higgs and
Goldstone boson fields.
Several prescriptions for the renormalization of tanβ
have been studied in the literature, but from a careful
analysis [13] it was found that in order to avoid large
higher order corrections, the best scheme is to use DR
renormalization for tanβ, which is manifestly process-
independent to all orders and gauge-independent at the
one-loop level within the class of Rξ gauges. If only the
leading contributions for large tanβ are retained, the
counterterm δ tanβ is thus identical to zero.
In the limit tanβ ≫ 1, the leading contribution to
the field renormalization counterterms involving SUSY
loops are of zeroth order in tanβ. The Feynman dia-
grams that lead to the non-decoupling corrections to the
G0A0 mixing self-energy are shown in Fig. 1. Calculating
these, the corresponding G±H∓ diagrams, and the tad-
pole counterterms in the limit of unbroken SU(2)×U(1)
symmetry we find
1
2
δZG
0A0 =
1
2
δZG
±H∓ = ǫGP , (4)
where1
ǫGP = − µ
32π2
[
3y2t
At
m2
t˜R
H1(xt˜) + 3y
2
b
Ab
m2
b˜R
H1(xb˜) (5)
+ y2τ
Aτ
m2τ˜R
H1(xτ˜ ) + g
′2M1
µ2
H1(x1) + 3g
2M2
µ2
H1(x2)
]
,
and
H1(x) =
x+ 1
(x− 1)2 −
2x
(x− 1)3 lnx . (6)
The variables xf˜ = m
2
f˜L
/m2
f˜R
and xi = M
2
i /µ
2 denote
the ratios of the left- and right-handed sfermion masses
1 Our sign convention for the tri-linear soft SUSY breaking cou-
plings Af is fixed by the left-right sfermion mixing which in the
case of the stop reads mt(At − µ cotβ).
3and the soft SUSY breaking masses M1,2 and the Hig-
gsino parameter µ squared. We assume CP conservation,
so all soft SUSY breaking terms are real.
For sizable values of the tri-linear soft SUSY breaking
couplings At,b the correction ǫGP is dominated by the
stop and sbottom contributions, which are proportional
to the square of the Yukawa couplings yt,b. The stau and
bino corrections are numerically insignificant. Assuming
the values of |µ|, |At|, mt˜L , and mt˜R to be degenerate
and keeping only the stop contribution one finds ǫGP ≃
−sign(µAt)/(32π2) ≃ −3 × 10−3 sign(µAt), while |ǫGP|
can reach ≃ 10−2 for tanβ ≫ 1 and natural choices of
sfermion masses and soft SUSY breaking parameters in
the TeV range.
The corrections (4) as such are not tanβ enhanced.
However, since they describe the mixing between eigen-
states of the two Higgs doublets, they replace tanβ sup-
pressed Higgs-fermion couplings with the non-suppressed
Goldstone-fermion couplings. The tanβ suppression at
tree-level is therefore effectively lifted at the one-loop
level. Obviously, this can only occur at the next-to-
leading order (NLO) and there are no resummable en-
hanced tanβ corrections beyond that order.
The term ǫGP can also be derived from the STIs of the
CP -even neutral Higgs sector. In this case one demands
un-mixing of the on-shell Higgs bosons at loop level, and
needs to take into account the renormalization of other
parameters of the Higgs potential in the broken phase,
such as the on-shell renormalization of the gauge boson
masses. We find
M2h0 −M2H0
2M2H0
δZh
0H0 =
M2H0 −M2h0
2M2h0
δZH
0h0 = ǫGP . (7)
As a result, the mixing of h0 and H0 receives particularly
large contributions from ǫGP if the difference between the
masses Mh0 and MH0 is small.
The term ǫGP essentially describes the mixing between
the two Higgs doublets at one loop. Therefore the result-
ing contributions are universal for the different CP and
charge scalar eigenstates, up to the different mixing in the
CP -even neutral sector, which is described here through
the Higgs masses in Eq. (7).
The diagonalization of the Higgs mass matrix neces-
sarily induces diagonal and off-diagonal couplings of the
neutral and charged scalar to the quark fields. In the
basis of neutral and charged Higgs mass eigenstates the
large tanβ corrections to the effective Higgs interactions
with quarks of the third generation can be cast into the
following form
Leff = G1/2F 21/4
{
mbtβ
1 + ǫ˜3 tβ
[
ib¯LbRA
0 +
(
sα
sβ
− cα
sβ
ǫ˜3 +
M2h0
M2H0 −M2h0
cα
sβ
ǫGP
)
b¯LbRh
0
−
(
cα
sβ
+
sα
sβ
ǫ˜3
)
b¯LbRH
0 +
√
2V efftb t¯LbRH
+
]
+
ǫY y
2
t t
2
β
(1 + ǫ˜3 tβ)(1 + ǫ0 tβ)
[
i
(
V eff∗tb V
eff
tdi mb b¯Rd
i
LA
0 − V eff∗tdi V efftb mdi b¯LdiRA0
)
(8)
−
(
cα−β
s2β
+
M2h0
M2H0 −M2h0
cα
sβ
ǫGP
)(
V eff∗tb V
eff
tdi mb b¯Rd
i
Lh
0 + V eff∗tdi V
eff
tb mdi b¯Ld
i
Rh
0
)
− sα−β
s2β
(
V eff∗tb V
eff
tdi mb b¯Rd
i
LH
0 + V eff∗tdi V
eff
tb mdi b¯Ld
i
RH
0
) ]
+mt
[(
t−1β − ǫ′0 − ǫ′Y y2b + ǫGP
)(
it¯LtRA
0 +
√
2V efftb t¯RbLH
+
)− cα
sβ
t¯LtRh
0 − sα
sβ
t¯LtRH
0
]}
+ h.c. ,
for di = d, s. Here GF denotes the Fermi constant,
V effij are the physical CKM matrix elements, and mf are
running MS masses evaluated at a scale of order mt,
which are connected to the Yukawa couplings through
y2t = 2
√
2GFm
2
t and y
2
b = 2
√
2GFm
2
bt
2
β/(1+ ǫ˜3 tβ)
2. The
subscripts L and R indicate the chirality of the quark
fields involved in the interaction.
As the field renormalization counterterms δZS
′S in
Eqs. (4) and (7) cancel the momentum-independent part
of the mixing self-energies ΣS
′S(k2), dimension four op-
erators related to the mixing of the scalar fields {S, S′} =
{A0, G0}, {H∓, G±}, {h0, H0}, and {H0, h0} are re-
moved from the effective theory. Alternatively, if the
vanishing of the S′S mixing in the full theory is not en-
forced by suitable renormalization conditions, then dia-
grams with insertions of dimension four operators that
mix the scalar fields S′ and S will contribute on the ef-
fective side. If implemented correctly, the two strate-
4gies lead naturally to identical results for physical ob-
servables.
The epsilon parameters ǫ˜3, ǫ0, ǫY , ǫ
′
0, and ǫ
′
Y are de-
fined as in [7]. In our numerical analysis we employ
them in the limit of unbroken SU(2)×U(1) and include
all effects proportional to the SU(2) couplings g and g′
squared. The corresponding analytic expressions read
ǫ˜3 = ǫ0 + ǫY y
2
t , (9)
ǫ0 = −2αs
3π
µ
Mg˜
H2(ut˜L , ub˜R)
+
1
16π2
[
g′2
6
M1
µ
(
H2(vt˜L , x1) + 2H2(vb˜R , x1)
)
(10)
+
g′2
9
µ
M1
H2(wt˜L , wb˜R) +
g2
2
M2
µ
H2(vt˜L , x2)
]
,
ǫY =
−1
16π2
[
At
µ
H2(vt˜L , vt˜R)−
g2
y2t
M2
µ
H2(vt˜L , x2)
]
, (11)
ǫ′0 = −
2αs
3π
µ
Mg˜
H2(ut˜L , ut˜R)
− 1
16π2
[
g′2
6
M1
µ
(
H2(vt˜L , x1)− 4H2(vt˜R , x1)
)
(12)
+
2g′2
9
µ
M1
H2(wt˜L , wt˜R)−
g2
2
M2
µ
H2(vt˜L , x2)
]
,
ǫ′Y =
−1
16π2
[
Ab
µ
H2(vt˜L , vb˜R)−
g2
y2b
M2
µ
H2(vt˜L , x2)
]
. (13)
Here uq˜ = m
2
q˜/M
2
g˜ , vf˜ = m
2
f˜
/µ2, wf˜ = m
2
f˜
/M21 , and
H2(x, y) =
x lnx
(1− x)(x − y) +
y ln y
(1 − y)(y − x) . (14)
Our analytic results for ǫ˜3, ǫ0, ǫY , ǫ
′
0, and ǫ
′
Y have been
obtained in the approximation Vud ≃ Vcs ≃ Vtb ≃ 1.
They agree with the corresponding expressions in [1, 2,
3, 4, 5, 7, 8, 9] for g = g′ = 0.
III. DOUBLE PENGUIN CONTRIBUTIONS TO
∆Md,s AND B(Bd,s → µ
+µ−)
The unique role of neutral Higgs double penguin (DP)
contributions to ∆Md,s and B(Bd,s → µ+µ−) has been
extensively discussed in the literature [7, 8, 9, 10, 12, 14].
In the following, we extend these analyses by incorpo-
rating the effects due to the new term ǫGP. This al-
lows us to obtain improved predictions for ∆Md,s and
B(Bd,s → µ+µ−) in the large tanβ regime of the MFV
MSSM based on the SU(2)× U(1) symmetry limit.
Predicting the Bd,s–B¯d,s mass differences involves in-
tegrating out heavy degrees of freedom at a scale of order
mt by matching on to the effective Hamiltonian
H∆B=2eff =
G2FM
2
W
16π2
(V eff∗tb V
eff
tdi )
2
∑
j
CjQj + h.c. (15)
In the MFV MSSM with large tanβ the numerically
dominant contributions to ∆Md,s are induced by the two
effective operators
QLR2 = (b¯Rd
i
L)(b¯Ld
i
R) , Q
SLL
1 = (b¯Rd
i
L)(b¯Rd
i
L) . (16)
Combining the flavor-changing neutral Higgs couplings
of Eq. (8) we find that the initial conditions of the corre-
sponding Wilson coefficients are given by
CLR2 = −
GFmbmdim
4
t√
2π2M2W
(16π2)2 t4β ǫ
2
Y F+
(1 + ǫ˜3 tβ)2(1 + ǫ0 tβ)2
,
CSLL1 = −
GFm
2
bm
4
t
2
√
2π2M2W
(16π2)2 t4β ǫ
2
Y F−
(1 + ǫ˜3 tβ)2(1 + ǫ0 tβ)2
,
(17)
where
F± = s
2
α−β
M2H0
+
c2α−β
M2h0
± 1
M2A0
+
cα (2cα−β + cα δGP) δGP
M2h0
,
(18)
and
δGP =
M2h0
M2H0 −M2h0
ǫGP . (19)
Here we have used the approximations sinβ ≃ 1 and
cosβ ≃ 0 valid for tanβ ≫ 1. The same relations are
employed in the following whenever it is justified. The
first line of Eq. (18) resembles the result derived first by
the authors of [7], while the second one represents the
new contribution to the factors F± due to ǫGP.
Using ∆Md,s = |〈Bd,s|H∆B=2eff |B¯d,s〉|/MBd,s one ob-
tains from Eq. (15) the DP contribution to the Bd,s–B¯d,s
mass differences. To an excellent approximation one has
∆MDPdi =
G2FM
2
W
24π2
MB
di
f2B
di
×
|V eff∗tb V efftdi |2
(
PLR2 C
LR
2 + P
SLL
1 C
SLL
1
)
,
(20)
where the factors PLR2 = 2.56 and P
SLL
1 = −1.06 con-
dense renormalization-group-improved NLO QCD cor-
rections [16] and the relevant matrix elements [17]. In our
numerical analysis we employ the unquenched staggered
three flavor results fBd = 216(22)MeV [18] and fBs =
260(29)MeV [19] for the Bd,s-meson decay constants
obtained by the HPQCD Collaboration, while we take
|V eff∗tb V efftd | = 86(14)× 10−4, |V eff∗tb V effts | = 41.3(7)× 10−3
[20], MBd = 5.2793GeV, and MBs = 5.3696GeV [21].
In the case of the rare decays Bd,s → µ+µ−, the ef-
fective Hamiltonian that arises after removing all heavy
particles as active degrees of freedom is given by
H∆B=1eff = −
GF√
2
αem
πs2W
V eff∗tb V
eff
tdi
∑
j
CjQj + h.c. , (21)
where the electromagnetic coupling αem and the weak
mixing angle sW are naturally evaluated at the elec-
troweak scale [22].
5In the large tanβ regime of the MFV MSSM only two
effective operators can have a sizable impact on Bd,s →
µ+µ−, namely
QS = mb(b¯Rd
i
L)(µ¯µ) , QP = mdi(b¯Ld
i
R)(µ¯γ5µ) . (22)
The same flavor-changing Higgs vertices that gener-
ate the dominant contribution to ∆Md,s induce enhanced
tanβ corrections to the Wilson coefficients of the semilep-
tonic operators QS and QP . The effective couplings of
Eq. (8) lead to the following matching conditions
CS =
mµm
2
t
4M2W
16π2 t3β ǫY
(1 + ǫ˜3 tβ)(1 + ǫ0 tβ)
[
cαsα−β
M2H0
− sαcα−β
M2h0
− cα (cα−β + sα + cα δGP) δGP
M2h0
]
,
CP = −mµm
2
t
4M2W
16π2 t3β ǫY
(1 + ǫ˜3 tβ)(1 + ǫ0 tβ)
1
M2A0
,
(23)
where mµ = 105.66MeV [21]. While CP remains un-
changed with respect to the analytic expression first pre-
sented in [7], CS picks up an additional contribution due
to ǫGP given by the second term in the second line of
Eq. (23).
The DP contribution to the branching ratios of Bd,s →
µ+µ− can be expressed to a very good approximation in
terms of the initial conditions CS and CP as
B(Bdi → µ+µ−)DP =
G2FαemM
5
B
di
f2B
di
τB
di
64π3
×
|V eff∗tb V efftdi |2
(|CS |2 + |CP |2) , (24)
where the Bd,s-meson lifetimes are taken to be τBd =
1.527ps and τBs = 1.454ps [23].
IV. NUMERICAL ANALYSIS
We are now in the position to analyze the impact of
the correction ǫGP on the prediction of ∆Md,s in the
MFV MSSM with large tanβ, taking into account the
constraints from the low-energy observables ∆MK , |ǫK |,
B(B¯ → Xsγ), B(B¯ → Xsl+l−), B(Bd,s → µ+µ−), and
B(B+ → τ+ντ ), as well as the limit on the lightest Higgs
boson mass Mh0 . In the calculation of the flavor physics
observables all relevant contributions stemming from A0,
h0, H0, H±, and χ˜± exchange are taken into account.
More precisely, in the case of ∆MK and |ǫK | we rely
on the formulas given in [10], while our calculation of
B(B¯ → Xsγ) includes all tanβ enhanced charged Higgs
and chargino corrections [3] as well as the DP contribu-
tion [9]. In the case of ∆Ms we combine the neutral Higgs
effects with the tanβ resummed terms from charged
Higgs box diagrams [7, 8], while for B(B+ → τ+ντ ) we
employ the formula first derived in [24]. In all cases we
supplement the existing expressions with the corrections
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FIG. 2: ∆Md (∆Ms) as a function of MA0 . The blue (dark
gray) areas correspond to the improved predictions, while the
orange (medium gray) and yellow-green (light gray) regions
are obtained by neglecting sequentially the contributions due
to ǫGP and the one-loop corrections to α,Mh0 , andMH0 . The
1σ ranges and central values of the experimental (SM) results
are indicated by the dark (light) gray bands underlying the
dotted lines. See text for details.
stemming from the new term ǫGP and use the complete
formulas Eqs. (9) to (13) for ǫ˜3, ǫ0, ǫY , ǫ
′
0, and ǫ
′
Y .
Another important difference with respect to the pre-
ceding analyses [7, 8, 9, 10, 12] is the fact that we do
not evaluate the mixing angle α and the massesMh0 and
MH0 appearing in Eqs. (18) and (23) at tree-level, but in-
clude the dominant one-loop corrections [15], which are
essential to obtain Mh0 > MZ . While the inclusion of
these higher order corrections turns out to have a minor
impact on ∆Ms and Bd,s → µ+µ−, we find that they
have a profound effect on ∆Md, as they invalidate the
common assumption [7, 8, 9, 10, 12] that CSLL1 gives only
a negligible contribution to the Bd–B¯d mass difference.
2
In our numerical analysis we focus on scenarios with
heavy sparticles and the mass scale of the Higgs sector
close to the electroweak scale. We allow the parameters
to float freely in the following ranges: 10 ≤ tanβ ≤ 60,
100GeV ≤ MA0 ≤ 500GeV, 1TeV ≤ m˜i ≤ 2TeV
2 In [25] it has been claimed that in ∆Ms the contribution
due to CSLL1 may amount to 80% (45%) of C
LR
2 for MA0 =
150GeV (200GeV). We are unable to reproduce these results.
6where m˜i = mt˜L ,mt˜R ,mb˜R ,mτ˜L ,mτ˜R ,M1,M2,Mg˜, and
1TeV ≤ |M˜i| ≤ 2TeV for M˜i = µ,At, Ab, Aτ . The
SM parameters are fixed to αs = α
MS
s (mt) = 0.109,
mt = 165 GeV, mb = 3 GeV, ms = 0.06 GeV, md =
0.003 GeV, mτ = 1.78 GeV, αem = α
MS
em (MZ) = 1/127.9,
and s2W = sin
2 θˆW = 0.231 [21]. In order to find the
boundaries of the allowed parameter space we perform
an adaptive scan of the 14 SUSY variables employing
the method advocated in [26]. The correctness of the ob-
tained results has been independently verified by a scan-
ning procedure based on random walk techniques.
To simplify our numerical analysis we set all CKM
factors and non-perturbative parameters to their cen-
tral values and combine experimental and theoretical un-
certainties into bounds corresponding to 95% confidence
levels (CLs) by adding theory errors linearly. Severe
constraints on the SUSY parameter space follow from
B(B¯ → Xsγ), B(Bs → µ+µ−), B(B+ → τ+ντ ), and
Mh0 . In the case of B¯ → Xsγ the most recent SM cal-
culations [27] are used and B(B¯ → Xsγ) is required to
lie in the interval 2.7 ≤ B(B¯ → Xsγ)× 104 ≤ 4.4. Since
the SM prediction of B(B¯ → Xsγ) is now lower than the
experimental world average [23] by about 1.4σ, a can-
cellation between the constructive charged Higgs correc-
tions and the chargino contribution is easier to achieve
than in the past, where the theoretical result used to
be above the experimental one. As far as Bs → µ+µ−
is concerned all parameter points are required to satisfy
B(Bs → µ+µ−) < 1.0 × 10−7 [28], while, in view of the
sizable experimental [29] and theoretical uncertainties,
we use 0.2 ≤ B(B+ → τ+ντ ) × 104 ≤ 2.5 in the case of
B+ → τ+ντ . Because the interference between SM and
charged Higgs corrections is necessarily destructive [30],
B+ → τ+ντ may become the most stringent constraint
in the near future, in particular if improved measure-
ments of B(B+ → τ+ντ ) will not differ much from the
SM expectation. Finding B(B+ → τ+ντ ) close to its
SM prediction would also have a important effect on our
numerical analysis since light values ofMA0 would be dis-
favored in such a case. Concerning the lightest neutral
Higgs boson we ensure Mh0 > 114.4GeV [31].
The constraints from K- and the remaining B-physics
observables are much less restrictive. ∆MK and |ǫK | are
allowed to differ from their experimental values [21] by
±50% and ±40%, while we reject parameter points that
reverse the sign of the amplitude A(b→ sγ) with respect
to the SM, as they correspond to B(B¯ → Xsl+l−) values
higher than the measurements [32] by around 3σ [33]. In
the case of Bd → µ+µ− we require B(Bd → µ+µ−) <
3.0× 10−8 [28]. Notice that, we do not take into account
the experimental constraint from (g−2)µ, because in our
scenario the slepton sector parameters are uncorrelated
with the ones of the squark sector, so that (g − 2)µ does
not lead to any restriction.
The MFV MSSM prediction for the mass differences
∆Md,s as a function of MA0 can be seen in Fig. 2.
The blue (dark gray) areas correspond to the full re-
sults obtained from Eqs. (17) to (20), while the orange
(medium gray) and yellow-green (light gray) regions are
obtained after removing successively the contributions
due to ǫGP and the one-loop corrections to α, Mh0 , and
MH0 . For comparison, the 68% CLs and central values
of the measurements ∆M expd = 0.507(4)ps
−1 [23] and
∆M exps = 17.77(12)ps
−1 [34] and the SM expectations
∆MSMd = 0.59(19)ps
−1 and ∆MSMs = 20.3(3.1)ps
−1
[35] are indicated by the dark and light gray bands
underlying the dotted lines. The prediction ∆MSMd is
obtained from the central value of ∆MSMs using ξ =
fBsBˆ
1/2
Bs
/(fBdBˆ
1/2
Bd
) = 1.216(41) [36] and the CKM fac-
tors and Bd,s-meson masses given earlier by adding all
errors in quadrature. For a critical discussion of hadronic
uncertainties in ∆MSMd,s we refer to [20].
From Fig. 2 it is evident that, whereas one-loop cor-
rections to α, Mh0 , and MH0 have only a minor impact
on ∆Ms, which slowly loses importance with increasing
MA0 , they are essential to obtain a correct prediction
in the case of ∆Md. While already this result is in-
teresting by itself, truly spectacular effects arise after
the inclusion of the new term ǫGP. Now large nega-
tive and positive corrections to ∆Md (∆Ms) of up to
−0.14ps−1 and 0.05ps−1 (−5.6ps−1 and 1.5ps−1) are
possible in the mass window 130GeV . MA0 . 160GeV
without violating any existing constraint from flavor and
collider physics. These large corrections typically arise
for 15 . tanβ . 30 and µ,At & 1.5GeV. Their size is
(slightly) less pronounced for larger (smaller) values of
mt˜L and mt˜R (Mg˜), while they are highly uncorrelated
with the remaining SUSY parameters. Therefore they do
not correspond to exceptional points in the large tanβ
and small MA0 region of the MSSM parameter space.
As pointed out above, the small MA0 region may be
severly constrained by a more precise determination of
B(B+ → τ+ντ ). The large effects shown in Fig. 2 occur
only for B(B+ → τ+ντ ) . 10−4. If future measurements
should find a value in the ballpark of 1.5 × 10−4 with
a small error of 30% or less, large corrections to ∆Md,s
would be excluded within the MSSM with MFV.
It is also compelling to analyze the impact of neu-
tral Higgs DP contributions in the double ratio RDPsd =
(∆MDPs /∆M
SM
s )/(∆M
DP
d /∆M
SM
d ), which has smaller
hadronic uncertainties than the ratios ∆MDPd,s /∆M
SM
d,s
themselves. The size of the possible departures of RDPsd
from the SM value 1 should be compared to the total
uncertainty of the double ratio
Rexpsd = λ
2
(
1− 2Rb cos γ +R2b
)×(
1 + (1− 2Rb cos γ)λ2
) 1
ξ2
MBd
MBs
∆M exps
∆M expd
,
(25)
that can be determined almost independently of new
physics and Rb = (1 − λ2/2) 1/λ |V effub /V effcb | [20] from
λ = |V effus |, MBd,s , ∆M expd,s , ξ and the reference unitar-
ity triangle angle γ measured in tree-level dominated B-
decays like B → D(∗)K(∗).
The double ratio RDPsd as a function of MA0 is shown
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FIG. 3: RDPsd as a function ofMA0 . The blue (dark gray) area
corresponds to the improved MFV MSSM prediction. The
1σ range and central value of the present (a possible future)
tree-level prediction Rexpsd corresponding to γ = 67(31)
◦ (γ =
67(5)◦) is indicated by the light (dark) gray band and the
dotted horizontal line. See text for details.
in Fig. 3, where the blue (dark gray) area represents the
full result derived from Eqs. (17) to (20). The 68% CL
and central value of the tree-level determination Rexpsd =
1.04(54) is indicated by the light gray band and the dot-
ted line. The quoted range of Rexpsd is obtained from
Eq. (25) using λ = 0.2257(21), Rb = 0.42(4), γ = 67(31)
◦
[37] and the remaining input specified above by adding all
uncertainties in quadrature. Because of the poor knowl-
edge of γ from B → D(∗)K(∗) the double ratio Rexpsd is
only weakly constrained at the moment.
Two properties of RDPsd deserve a special mention. Our
numerical analysis reveals that i) effects due to ǫGP and
the one-loop corrections to α, Mh0 , and MH0 cancel al-
most entirely in the double ratio RDPsd since their size is
strongly correlated between ∆MDPd and ∆M
DP
s and ii)
the MFV MSSM with large tanβ predicts RDPsd ≤ 1 as
demonstrated in Fig. 3. The impact of a future precision
measurement of γ by the LHCb experiment [38] is also
illustrated in this figure. Assuming γ = 67(5)◦ but ξ
unaltered leads to Rexpsd = 1.04(11). The corresponding
68% CL and central value is indicated by the dark gray
band and the dotted line in Fig. 3. It can be seen that
even with this improvement in precision, Rexpsd offers only
limited potential for exclusion of new physics through a
deviation from its SM value. A similar conclusion has
been drawn in [20].
V. CONCLUSIONS
To conclude, we have pointed out that in the MSSM
terms from the mixing between eigenstates of the two
Higgs doublets give rise to tanβ enhanced corrections
that do not vanish in the limit where the SUSY parti-
cles are much heavier than the Higgs bosons. We have
calculate all one-loop corrections of this type by match-
ing the full MSSM on to an effective two-Higgs-doublet
model of type II. After combining the missing effective
couplings with all known non-holomorphic terms we ob-
tain improved predictions for the Bd,s–B¯d,s mass differ-
ences ∆Md,s and the branching ratios of Bd,s → µ+µ− in
the large tanβ regime of the MSSM with minimal-flavor-
violation. Our numerical analysis shows that these uni-
versal contributions have striking phenomenological im-
plications as they can lead to large SUSY effects in ∆Md
and to a significant enhancement of ∆Ms relative to the
SM prediction for a light pseudoscalar Higgs boson A0
with mass in the range between 130GeV and 160GeV.
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